The formation and evolution of oil-water interfacial waves at the inlet section of a horizontal test pipe was investigated experimentally via high-speed imaging. Images were collected with a Phantom Miro 4 high-speed camera at a rate of 1000 fps. Wave velocity, amplitude, frequency and wave length at different oil-water flow rates (input ratios, r = 0.6-2.5; mixture velocities, U mix = 0.8-2 m s ). The waves formed via a KH mechanism immediately after the junction where the two fluids joined and at a velocity roughly equal to half the mixture velocity with a frequency in the range 11-20 Hz for all flowrate combinations. Once formed, and at a short distance from the junction the wave amplitudes decreased while the wave velocities and the wavelengths increased. The frequency, however, remained constant. Experimental data was compared against predictions of the wave theory and the instability analysis. The propagation of interfacial waves at half the mixture velocity was predicted by the theory of dynamic waves. Results from the inviscid stability analysis at the inlet agreed qualitatively with the flow pattern map observed well further downstream the inlet, but quantitative differences were seen, which could be due to the viscosity of the oil phase.
Introduction and background
There have been many research efforts in recent decades directed towards understanding and predicting the flow behaviour of oil-water mixtures in pipes. A particular area of interest is the identification of the flow patterns that establish under different conditions and their effect on pressure drop and heat and mass transfer rates. Different patterns and their boundaries were studied by a number of investigators (see the review of Trallero [1] until 1995 and later on e.g. Valle and Utvik [2] ; Lovick and Angeli [3] ; and Chakrabarti et al. [4] ). An important flow pattern transition is from separated to dual continuous flows, where both phases are continuous and drops of one phase appear in the other phase. This transition has been generally related to the appearance and growth of waves on the oil-water interface and the detachment of drops from them (see, for example: Ishii and Grolmes [5] in gas-liquid; Brauner and Moalem Maron [6] and Kadri et al. [7] in liquid-liquid). Different wave types have been identified in gasliquid flows (Andritsos and Hanratty [8] ); visualisation techniques are often used for their study, particularly when the waves appear as large, almost two dimensional and readily identifiable structures (Andritsos [9] ; Ng et al. [10] ).
The types of interfacial waves seen in oil-water flows depend on the fluid properties. With high viscosity oils, two dimensional structures tend to form, which can be studied with visual techniques. With the aim of improving lift-off for heavy oil recovery, Oliemans et al. [11] investigated interfacial waves in annular flow. Rodriguez and Bannwart [12] also studied annular flows in vertical pipes, and measured wave characteristics using image analysis. Recently, other parameters of the flow (e.g. water fraction) were determined from image analysis in systems involving heavy oils (Riano et al. [13] ). Stratified flows with low viscosity oils, however, can exhibit fluctuating interfaces where visual analysis can be challenging because of the lack of easily identifiable wave structures. Although Al-Wahaibi and Angeli [14] were able to investigate interface development in separated flows with a low viscosity oil using high-speed imaging, De Castro et al. [15] applied a filtering technique to overcome the difficulties in image analysis with fluctuating interfaces. In this way, they calculated wavelengths, amplitudes, velocities and the shape of the resulting waves after the image filtering. Barral and Angeli [16] used a conductance probe to study the fluctuating oil-water interface in fully developed flow. By applying a spectral density analysis to the time series signal of the probe they were able to identify the contributing frequencies of the interface. Interestingly, they found that the large, almost two dimensional waves forming at the inlet of the test section had a characteristic weighted frequency of 19 Hz, which was preserved further downstream despite the fact that large waves gave place to smaller three-dimensional structures.
In this work, the large, almost two-dimensional oil-water interfacial waves that form at the inlet section of a horizontal test pipe when the oil-to-water flowrate ratios are different from 1 are investigated. These waves form immediately after the two phases join and reduce in size in a very short distance downstream, where they are replaced by small three dimensional structures that characterise the oil-water interface further downstream the horizontal pipe. This is contrary to the common expectation that waves grow along the pipe and may result in a flow pattern transition. The clear 2D wave structures of the inlet waves make possible their investigations by means of high-speed imaging. The nature of interfacial waves at the inlet is studied and an explanation for their dampening further downstream is presented.
Experimental set-up and data acquisition
Experiments were performed in the oil-water flow facility of the Multiphase Flow Lab in the Department of Chemical Engineering, UCL. The rig consists of a 38 mm ID horizontal acrylic test section, which allows the visual inspection of the flow. The test fluids used are tap water (q = 1000 kg m q and l are density and viscosity, respectively. The two fluids are stored and pumped separately using centrifugal pumps. Their flow rates are regulated (variable from 20 L min À1 up to 250 L min À1 ) via control valves and measured separately with variable area flow metres (ABB Instrumentation Ltd.) with accuracy of 1% full scale. Fig. 1 shows a schematic of the experimental facility while the inlet section and its location in the facility is shown in Fig. 2 in more detail.
The inlet section is made within an acrylic block and has an asymmetric Y-shape, with the upper duct (inlet for oil) inclined 10°downwards and the lower one horizontal (inlet for water), both with 38 mm ID (Fig. 2a) . The fluids join smoothly at the junction point of the two ducts without the use of a split plate. A split plate is sometimes used to enhance stratification and delay transition to dual continuous flow, but it was found in this work to have the opposite effect, i.e. it increased mixing and promoted drop formation. High-speed images have been collected at about 8-12 cm after the junction point of the phases, which is the distance needed by the waves to form, towards the end section of the inlet over a length of about 16 cm (Fig. 2a) . Waves formed immediately after the two phases joined at the junction and were seen to dampen quickly downstream, within the inlet section.
After the test section which has an overall length of about 16 m, the mixture of the two fluids is returned into a separator vessel equipped with a Knit Mesh™ coalescer. Oil and water are then returned from the top and the bottom of the separator respectively into their storage tanks.
The interfacial waves that developed at the inlet were investigated for more than 20 oil-water flowrate combinations, with oilto-water flowrate ratios, r, varying between 0.6 and 2.5 and mixture velocities, U mix , varying between 0.8 and 2 m s
À1
. As two dimensional, visually-identifiable waves did not develop at the inlet for r = 1, only flowrate ratios different than 1 were studied. Fig. 3a and b show two snapshots of typical waves at the inlet, for input flowrate ratios lower and higher than 1, respectively. A high speed video camera (Phantom Miro 4) was used to investigate such waves and to record the flow pattern. Images were taken at 1000 frames per second (fps). Up to 4200 frames could be stored in the camera memory, giving a recording time of 4.2 s. This time span was found to be sufficient to capture the evolution of a large number of waves (i.e. interface developments were typically in the time scale of a few milliseconds). In many cases, for practical purposes, a smaller time interval was selected, which allowed 20-25 waves to be captured and analysed for each oil-water flow rate.
The interfacial wave characteristics were acquired from the images taken using a pre-calibrated scale. Fig. 4 shows a typical high-speed image and the reference lines used for analysis. Each image was divided in 4 regions and fixed locations were taken within each region at more or less equal distances (Fig. 4 shows actual distances in cm). Waves were then identified and followed as they moved across the fixed locations of the regions. As mentioned, high-speed images were taken a few centimetres after the junction point where the phases joined. The overall distance required by the waves to form after the junction was found to be about 8-12 cm (2-3 times the pipe diameter), which was independent of the flow conditions (i.e. input ratio and mixture velocity). Therefore, the formation of waves was observed to be faster for faster flows. As example, for a flow with U mix = 0.85 m s À1 (shown in Fig. 4 ) waves formed in about 0.24 s, which is the time required to travel a distance of 10 cm (as will be discussed later, developing waves travel at roughly half the mixture velocity).
To calculate the average interface height, the height of the interface from the bottom of the pipe was recorded in each image at 25 locations equally spaced; the spatial resolution was therefore approximately 0.64 cm (i.e. one measurement every 0.64 cm along the inlet at each time instant). In order to obtain distinct measurements at each location, images separated by 5 ms were analysed. The images collected at 1000 fps could be clearly resolved at this level, which seems to be in agreement with the sampling frequency of 256 Hz used by Barral and Angeli [16] to satisfy the Shannon Theorem. A total of 38 images were collected for each set of flowrates, over a period of 190 ms, which gave 38 values at each location within the inlet for the calculation of the average interface height. Fig. 5 shows, as example, the development of the average interface height along the inlet at input ratio, r = 2.5, and mixture velocity, U mix = 1.03 m s
. Average interface height measurements were performed for all the oil-water flowrate combinations used in this work. It was found that the average interface height typically decreased along the inlet for all conditions studied. Since the waves observed did not have perfect sinusoidal shapes, the wave crests were used to calculate the wave amplitudes. In these measurements, the height of each crest that passed from each fixed location in the four regions (see Fig. 4 ) was measured from the bottom of the pipe. The amplitude of the wave at each fixed location was then found by subtracting the average interface height from the crest height. Amplitudes were measured on a minimum of 20 waves in all cases (typically, between 20 and 25). Velocities were calculated from the time taken by a given wave crest to move from a fixed location in one region to another fixed location in the next region and the distance between the two locations. Three values were therefore computed along the inlet (i.e. between regions 1-2, 2-3 and 3-4). The frequency of the waves was taken as the inverse of the time interval between two crests at each fixed location and, thus, the frequencies could be measured four times along the inlet (i.e. at locations 1, 2, 3 and 4). The wavelengths between regions were calculated from the wave velocities and the frequencies. Again, wave velocities and wavelengths have been obtained for a minimum of 20 waves in all cases.
The relative uncertainty in measuring distances on the image depends on the value of the distance measured, but the average error between the fixed locations in the 4 regions can be estimated as no more than 4%, with an uncertainty of the measurement from the left side of the image of ±0.2 cm. The uncertainty in velocities and wavelengths tends to decrease towards the end of the inlet, because both increase in value. To calculate an average uncertainty it is assumed that the error of time variable is negligible (at least compared to that of measurements on the image), and about 6.5% error in velocity and 8% in wavelength were found. The uncertainty of the amplitude increases along the inlet, because the amplitude of the waves decreases. The estimated error in measurements of amplitude is no more than 10% in all cases. This figure comes from the propagation of errors in measuring the height of the crests (about 3.5% at r > 1 and 1% at r < 1), the average height of the interface (about 6.5% at r > 1 and 4% at r < 1) and the uncertainty of the regression line of the average interface height (see Fig. 5 ), which has an average of $5%.
Results
Interfacial waves were studied after the junction point at the inlet for oil and water flowrate combinations which gave stratified flow downstream the pipe. As it has been noted, it was found that waves formed at the inlet when the input flowrate ratio was different than 1, while no waves formed when the flowrates were similar.
The evolution of the average interface height along the inlet section as a function of the oil-to-water ratio, r, is summarised in Figs. 6 and 7. To enable comparisons across different flow rates, the interface heights shown in Fig. 6 are non-dimensionalised by dividing the measured interface heights over the maximum value, found at the left side of the image (i.e. x = 0 in Fig. 4) . The actual interface height can be seen in Fig. 7 , where it is plotted against the input ratio r. It was found that in all cases, the interface height decreases along the inlet. This trend reflects the geometry of the inlet where the top duct (i.e. oil inlet) still has a negative slope for a few centimetres after the junction point (Fig. 2a) . However, as can be seen in Fig. 6 , the decrease in interface height is larger for r = 2, where the oil flowrate is higher than that of water, compared to r = 0.5. This suggests that the interface adjusts faster in this case within the same distance.
Both Figs. 6 and 7 show that the average interface height depends mainly on the input ratio and it is not affected by the mixture velocity. This has been verified against experimental data collected at different oil-to-water flowrates, with an example shown in Fig. 8 for r = 2.2. As can be seen, the average interface height is independent of the mixture velocity.
Despite the fact that these experimental results are concerned with the formation and evolution of waves at the inlet section, it is worth to note that similar conclusions on the effects of input ratio and mixture velocity on interface height have been reached by other researchers investigating stratified flows in pipes at distances further downstream the inlet (Kumara et al. [17] ; Barral and Angeli [18] ).
The visual observations at the inlet showed that waves form when the two fluids join but quickly decrease in size within the inlet section until they eventually disappear. Fig. 9 shows the wave amplitudes from zones 2 to 4 relative to the amplitudes of the waves in zone 1. Relative average values and standard deviations are 0.85 ± 10.7% in region 2, 0.707 ± 15.1% in region 3 and 0.562 ± 19.0% in region 4; the standard deviation of average measurements increases as the wave amplitudes reduce. In contrast, wavelengths increased along the inlet as can be seen in Fig. 10 where the wavelengths have been normalised against the values in regions 1-2. The average values and standard deviations are 1.09 ± 5.4% across regions 2-3 and 1.20 ± 6.5% across regions 3-4.
The volume of the waves along the inlet has been estimated using the average normalised amplitudes and wavelengths at each flowrate combination. In general, the wave volume decreases as waves move downstream, but no trend has been found with respect to the input ratio or mixture velocity.
Interestingly, for all flowrate combinations tested, wave frequencies were found to be within the range of 11-20 Hz. As can be seen in Fig. 11 the frequencies remained constant along the inlet, despite the changes in amplitude and wavelength noted.
While the wave frequencies did not change significantly, the wave velocities increased along the inlet. This result is somehow expected, since the frequencies appear to be constant while the wavelengths increase (Fig. 10) .
The absolute wave velocities measured across the regions 1-2, 2-3 and 3-4 were normalised against their respective mixture velocities (Fig. 12) . The region 1-2 of the images is the area closest to the point of maximum growth of the waves in the inlet and, therefore, waves at this region have maximum amplitude. The wave velocities in this region also had their minimum values in all cases. As the waves travel from region 1 in the inlet to the other regions, their amplitudes decrease while their velocities increase. The wave velocity seems to increase almost linearly with the mixture velocity as can be seen in Fig. 13. Both Figs. 12 and 13 show that the wave velocities are independent of the input oil-to-water flowrate ratio.
Stability analysis and nature of inlet waves
The experimental results reveal that interfacial waves develop at the inlet for input ratios different from 1 as soon as the two phases join but eventually they disappear. In addition, their frequencies are independent of the flowrates of the two fluids and remain constant. This is in agreement with results obtained from the spectral analysis of the interface signal, collected with conductance probes (Barral and Angeli [16] ). Constant frequency implies constant wave period, which may suggest that the formation and, particularly, the dampening of the waves take place with very little energy dissipation (see, for example, Craik [19] ).
At input ratios different from 1, oil and water phases flow with different velocities one on top of the other as they join. This is a classic case of Kelvin-Helmholtz (KH) instability, which leads to the development of waves. At input ratios close to 1 phase velocities are equal at the junction, which would eliminate the instability and support the experimental observation that no waves develop at the inlet unless the input ratio is different from 1. The stability condition of the flow at the junction point can be written as (Drazin and Reid [20] ):
where u w and u o are the average water and oil phase velocities respectively (equal to superficial velocities at the junction), q w and q o are the water and oil densities respectively and r is the interfacial tension. Eq. (1) is the classic solution of the inviscid problem, which neglects the shear stresses. This approach can be considered an appropriate approximation for the current data since the viscosity of the oil is low. Substituting the properties of the fluids used in the current work into Eq. . Expanding the bracket and dividing by the squared water velocity, u w 2 , the stability condition becomes:
According to Eq. (2), the oil-to-water input ratio, r, determines whether the wave is stable or not, but the limit of stability depends on the phase velocity (i.e. water) and, in turn, on the mixture velocity. The theory predicts that as the input ratio approaches 1 (both from r < 1 or r > 1), the stability of the flow increases and that the case r = 1 is the limit of complete stability. ). Using these points, a stability line has been plotted in Fig. 14 against the flow pattern map observed in the experimental flow facility at about 7 m downstream the inlet where the flow is considered fully developed (Barral and Angeli [18] ). In the map, the dual continuous region defines a stratified flow of oil and water completely separated by an interface with drops of one phase entrained in the other. The intermediate pattern appears between the stratified and dual continuous regimes especially at input ratios around 1 and at higher mixture velocities, and is characterised by two continuous layers, oil and water, separated by a rough interface and by very few and small sporadic drops entrained in them.
At oil-to-water input ratios, r < 1, the agreement between the observed map and the stability line is good, but the region of stratification is underestimated by the stability analysis at r > 1. At these conditions where the more viscous oil occupies a larger part of the pipe cross sectional area it is possible that viscous effects, which are ignored in the inviscid analysis, become important. Discrepancies between the stability theory and experimentation have already been pointed out by Al-Wahaibi and Angeli [21, 22] .
It should be noted here that the stability analysis is carried out at the inlet while the flow pattern map was obtained well downstream of inlet. However, the comparison is still relevant since it has been observed that the final flow pattern tends to develop at the inlet and little change is seen further downstream the pipe. In particular, the drops that signify the transition from stratified to dual continuous flow were seen to form at the inlet for input ratios different from one, where waves form, while hardly any new drops were seen to form further downstream. In addition, dual continuous flow is delayed to high mixture velocities at r = 1, when no waves appeared at the inlet. It is reasonable, therefore, to relate the formation of drops at the inlet to the waves seen, but this needs to be verified with further investigations. As shown in the previous section, relative amplitudes (Fig. 9 ) are always at a maximum at region 1 of the inlet (see Fig. 4 ) regardless of the mixture velocity. This finding suggests that waves develop faster in faster flows and that the increase in wave amplitude depends on the mixture velocity. This result seems to agree with the theoretical predictions of Brauner and Moalem Maron [6] for oil-water flows. Their analysis revealed that stratified flows were unstable if the imaginary part of the complex wave velocity, C i , is positive. In this case, the wave amplification factor with respect to the top fluid (i.e. oil), C i /u o , increases with the velocity of the water phase, u w . Eventually, however, waves dampen within the inlet. Studies of the fully developed flow revealed that the slip velocity between the two phases can be very small in horizontal pipes with low viscosity oils (Kumara et al. [17] ; Barral and Angeli [18] ). It can be argued, then, that the waves at the inlet vanish as the velocities of the phases become similar and the instability disappears.
The finding that waves at the inlet propagate at a velocity half of the mixture velocity was found to be in agreement with the predictions of the theory for dynamic waves. When considering the two main types of waves, dynamic and kinematic (or continuity), some investigators have pointed out that the stability of the flow can be entirely determined by the balance between these two types of waves; when kinematic waves overcome dynamic ones, the flow is unstable (Wallis [23] ; referenced by Trallero [1] ). This implies that dynamic waves are essentially a stabilizing factor to the flow. The velocity of a dynamic wave is given by (Wallis [23] ):
where f ra is a stabilizing factor including viscous and body forces and a is the fraction of the pipe occupied by water. Eq. (3) can be re-arranged in terms of the mixture velocity and the oil-to-water input flowrate ratio to give: 
Eq. (4) consists of two parts. The first one (before the ± sign) is called the weighted mean velocity, W u . The second part includes the effect of a de-stabilizing factor, which is only different from 0 if r is different from 1, and of a stabilizing factor, f ra . Since the two phases join in the middle of the pipe, the KH wave develops from a starting point a = 0.5. Substitution gives the theoretical velocity of the wave at the junction:
Eq. (5) shows that the dynamic wave propagates with velocity relative to the weighted mean velocity. In the limit of equal phase densities, the weighted mean velocity of the fluid becomes half the mixture velocity. For different densities (i.e. 830 kg m À3 oil and 1000 kg m À3 water), the weighted mean velocity is expected to change slightly with the input ratio, but values are around half the mixture velocity (Fig. 15) .
Experimentally it was also found that the wave velocity is about half the mixture velocity in region 1 of the inlet as soon as the waves form. It can therefore be assumed that the waves developing at the inlet are dynamic; it can be argued that kinematic waves might not develop because the two liquids are incompressible and the flowrates are maintained constant. The theory cannot explain, though, the acceleration of the waves once they start reducing in size.
Conclusions
The formation and propagation of interfacial waves in stratified oil-water flows close to the inlet of a horizontal test section was studied with high speed imaging. It was found that waves develop very close to the inlet junction where the two fluid join (along a distance of about 8-10 cm) at velocity roughly equal to half the mixture velocity, which is in agreement with the theory of dynamic waves. After an initial increase, the amplitudes were found to decrease and the waves were dampened. This reduction in amplitude was accompanied by an increase in wavelength and wave velocity. The wave frequencies, however, did not change considerably along the inlet and were within the range of 11-20 Hz, which agrees with the frequencies found previously from the spectral analysis of the interface height variation with time obtained with a conductance probe.
Interfacial waves formed when the flowrates of the two phases were different, which suggests that the waves are created by KH instability. Drop formation and transition to dual continuous flow seems to be related to the presence of waves in the inlet and the instability. By applying the stability analysis it was possible to predict reasonably well the transition from the stratified to the dual continuous pattern observed in fully developed flow further downstream the test section for input ratios r < 1, but deviations were found at r > 1, where viscous effects might play a more significant role.
